To realize a fine periodical pattern by electron beam lithography, a stady for using calixarene as a resist was carried out. A 25-nm-pitch resist pattern was fabricated and transferred to a thin InP layer by two-step wet chemical etching. Precise slight O 2 ashing, to eliminate residual matter was essential to transfer the pattern by wet etching. The controllability of the width was improved when using calixarene, when the period was 40 nm. Furthermore, a 25-nm-pitch InP pattern was buried in a GaInAs structure by organometallic vapor phase epitaxy. This technology could be applied to realize electron wave devices.
Formation of a fine periodic structure by lithography is important in electronics. For example, when the period of a pattern is comparable to the electron wavelength, it would be possible to realize a new principle for future electron devices bassed on the wave nature of electrons. 1) We have proposed a Young's double-slit experiment using semiconductors to confirm the wave nature of electrons in the semiconductors. 2) This experiment requires a fine-pitch buried grating in the heterostructure. The required size is around 20 nm which corresponds to the wavelength of electrons of GaInAs when the energy of the electron is 100 meV. As examples of a fine buried structure formed by electron beam lithography (EBL), a 50-nm-pitch structure using ZEP-520 3) and a 40-nm-pitch GaInAs / InP double-slit structure by polymethyl-methacrylate (PMMA) 4) have been reported. However, a structure with pitch under 40 nm had not been fabricated because of the difficulty in patterning and transferring a finer period. Recently, calixarene was reported as a resist with ultrahigh resolution of patterning. 5) A transferred pattern with 7 nm width on a semiconductor has been reported. 5) However, there has been no report of a transferred pattern with a fine period.
In this letter, we report the fabrication of a 25-nm-pitch pattern and its transfer to a thin InP layer using calixarene resist. A 25-nm-pitch buried structure of GaInAs is also reported. This structure has the smallest period transferred to a semiconductor, to our knowledge.
Patterning by EBL was carried out on an n-doped InP substrate with epitaxial structure. The pattern was then transferred by two-step wet chemical etching. 6) The epitaxial structure consists of a 40-nm-thick n-doped GaInAs layer, a 10-nm-thick undoped InP layer and a 4-nm-thick undoped GaInAs layer. A calixarene resist film was formed by spin coating on this substrate. The resist thickness was about 17 nm. We used JEOL JBX-5FE for EBL. The accelerating voltage was 50 kV. Periodic patterns were exposed by single-line scanning when the period was less than 30 nm, while they were exposed by drawing rectangular patterns when the period was greater than 30 nm. When the period was larger than 30 nm, we observed that the width of line formed by singleline scanning was too narrow due to the high pattern resolution of calixarene. The doses were 18-32 nC/cm for single line scanning and 15-20 mC/cm 2 for drawing rectangular patterns, respectively. Resists were dipped in xylene for 30#s for developing, followed by rinsing in isopropyl-alcohol for 30 s. Figure 1 shows a 25-nm-pitch resist pattern, observed on calixarene by scanning electron microscopy (SEM). The pattern consists of 10 lines to fabricate the slit structure and 150-nmwide rectangles on both sides to protect the slit layer. The periodical pattern was clearly confirmed.
A line fluctuation can be seen in Fig. 1 . Due to this line fluctuation, it is difficult to fabricate a transferable 20-nmpitch resist pattern. This line fluctuation is due to the stage motion in the EBL system. 7) The nominal accuracy of the position of the stage is 5 nm in the apparatus. Recently, we introduced a new system with precise control of the stage (nominal accuracy is 0.62 nm ). Using this system, the line fluctuation could be reduced, and fabrication of a 20-nm-pitch pattern is now in progress.
After the formation of resist patterns, the pattern was transferred into the InP layer by two-step wet chemical etch- ing. For just-developed patterns, transferring by wet chemical etching failed although no anomalies were observed between each lines in the SEM observation. To transfer the patterns by wet chemical etching, slight O 2 ashing was carried out before etching, to remove residual matter. A conventional reactive ion etcher with parallel plates was used for O 2 ashing. The atmosphere of chamber, power density and ashing time were 10 Pa, 0.45 W/cm 2 and 6 s, respectively. No change of shape after ashing was observed in the SEM observation. However, this slight ashing was found to be useful for pattern transfer into semiconductors.
As the first step of wet etching, the resist pattern was transferred into the 4-nm-thick GaInAs layer. This GaInAs layer was etched using calixarene resist as a mask in citric acid:H 2 O 2 solution. A citric acid solution had reproducible etching rate compared to an H 2 SO 4 -based etchant in a former experiment. 8) We confirmed that no deformation occurred on the calixarene resist mask by dipping in citric acid solution for 30 s. After etching, calixarene resist was removed by O 2 ashing. The etching conditions were the same as in the above ashing process except that the etching time was 4 min. The patterned GaInAs layer serves as a mask for the etching of InP in the second step in which the sample was dipped in HCl:CH 3 COOH(1:4) solution. Figure 2 shows a 25-nm-pitch InP grating structure. The rectangular structure of InP can be seen in Fig. 2 .
For Young's double slit experiment in semiconductors, 2) slits buried in the semiconductor are required. To apply the InP grating to the buried slits, GaInAs was regrown onto the sample by organometallic vapor phase epitaxy (OMVPE). The detailed conditions for regrowth are described in ref.#8. In the regrowth process, the heating of the sample was carried out under an atmosphere of AsH 3 as well as PH 3 , whose partial pressures were 0.81 and 1.65 Torr, respectively. These high partial pressures of group V elements preserve the ultrafine structure in the heating process. When the temperature reached 550 • C, the growth of the GaInAs layer started. A 10-nm-thick undoped GaInAs layer was grown when the temperature was changed from 550 • C to 600 • C. Once the temperature was stabilized at 600 • C, a 150-nm-thick undoped GaInAs layer was grown. Figure 3 shows a cross-sectional view of GaInAs/InP buried fine structures. In the 40-nm-pitch buried structure ( Fig. 3(a) ), the rectangular shape of InP was confirmed. The width of the rectangular shape was determined not by regrowth but exposure control. In the former experiment with PMMA, the line widths in a 40-nm-pitch structure could not be controlled because of single-line scanning for exposure. A structure with a 25-nm-pitch was also observed (Fig. 3(b) ), although the shape of the rectangle was completely deformed and the thickness of the InP layer with the fine structure was reduced from the original thickness. The deformation is caused by mass transport in the heating process. 8) Thus, much higher partial pressures of group V elements are necessary to obtain a rectangular shape after regrowth when the period of the pattern was less than 30 nm.
In summary, a 25-nm-pitch resist pattern transferable to the InP layer was fabricated using calixarene resist. The width controllability of the 40-nm-pitch pattern was also improved by using calixarene. To transfer a pattern by wet etching, precise slight O 2 ashing to eliminate residual matter was essential. A 25-nm-pitch InP grating was buried in GaInAs toward the observation of the wave nature of electrons by lithography. At present, the shape of the after-buried growth is dependent on by the regrowth conditions, although it was dependent on by a resist when we used PMMA. The fabrication of a 20-nmpitch buried structure would be possible by precise control of the stage for the EBL system. 
